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FOREWORD

This report is baned on zitudies conductad with bellistic
modifiers for double-base propellants since 1947, principally at
the Allegany Ballistics Laboratory and ithe Naval Ordnance Test
Station. Much of the work has been presented in progress reporta
and papers issuing from both sctivities since 1950. The preaent
report is an attempt to consolidate this information and to present
an ana&lysis =f it in a newly orgsnized form. Ths approach sud
treatment differ from those of earlier reports in being more highly
spacialized. The purpose has bean ton elucldats the reaction
mechanisms of many lead compounds in double-base propellants with
the heln of & mumericsl analysis of thelr burning-rate accelerating
effects sud to define the importent elements of their chemicel
structures as thess appear to be velated to their effects in pro-
pellants.

The vork was performed undsr various Buresu of Ordnsnce Twsk
Asoignments and with Exploratory and Foundsticnal fundsg.

This report is transniited for information only and does not
necessarily repregent the »fficial views or final judgment of
this Station.

A, T, CAMP
Hegd, Propellants Division

Relapaed ndeyp
the authority of:
KUGH W, HUNTER
Head, Propulsion Development Department
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& ABSTRACT '
4

A mathematical enalysis was msos of the burning rate accelerating
effect of numerous lead compounds in extruded double-nage propele«
lants. This study showed the gensrolly greater rate accelersting
effect of hydroxy or similarly substituted arocwatic legd compounds
relative to the aliphatics, especially in the presence of other
subatltuents which allow formution of bidentate groups. These
groups seem to activate the erometic nuclel for electrophilic
substituticon and to preserve the reactivity ¢f the lead in the
preparation zonz of the solid propellent decomposition wave. In
some cases, deactivation by further substituents and over-protection
by intramclecular resonance have been observed or inferred. Refer-
ences are made to other reports which desl with the pussible mecha-
nism involved in this form of double-bage propellant burning.
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IFIRODUCTION

The burning ratse ol gome double-bage propelilanie containing
cafta;n leed coppounde exceed very sigaificauntly the burning rotes

§ lesd«frese propelliants in cortsin Dresgure rEngen. Within iheee
ranges leaded propellants exhibit, at low p g'as&urﬁh, high pressure
wxpamentﬁl whilch are followed, at increased preass by rmlativeiv
low, zero, and somstimes negetive pressure expone ts

i

.\-

5

In n aystematic sppraach begun geversl years ago, a eseries of

lead compounds of orgsnic materilals wvas lovestigeted. This study

quickly indicated ihe possibility of 2 definebie relationsnip

betwecn chemical comstitution and “modifiewr effectivity". Further

work has led to a clssrer and moro quentitative understonding of

the ag-celled "mese” snd “pletean” offscts in the dDurning.rate-
(%

-

(’&

preggursz relationship., The synerglistic effazcts of mixtures of

lead and copper compounds are not covered in the present repore

evaen though thay are exces 2dingly agexul in present-day service

propellents such asz ¥-12. ¥+13 amd X-ik compositions dsvslopzd
f’

&
et the Haval Ordnance Test Station,. Here the effects would appsar
0 require more study before a meanipgiul sanslysis cer be atiompisd.

COMPARISON OF LEAD COMPOUNDS BY "MODIFIER EFFECTIVITIES"

In Bef. 1 an attermt was made Lo introduce 8 nupgrical eveluss
tion into the discussion of the Infliuence of sdditives which proe-
duce platesu or m=sa burning of double-base propellants. As an
aarly yardstick Cor the auaﬁ“‘fzca*icn, the mexipum incresse of
the burnisg rate produced by the additive wee uzzd, This incrzass
had earlier bees called “superrate vurning? {Rer. 2}. A still

mere powariul measure of the effect could hc reprasented on the
burning rate diagream by zr &ares which ig enclogsed by the rate-
pregavre isothevms of the propellent contnining the additive and
the sropallsant 9¥2lont sach sdditive. Typical forsms of such

(R ST

L The presgure expon ant is the value of “a” ﬁﬂ th@ equatiss
v = ¢P® where "r" is the linsar burning rate, ° tant
at any temperaziure and "PY is the chambor pr=
combustion,

i’:q
g o
F4d)
&
f
5
n
R
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graphe sre _hown in Fig. 1. (The compositions of these propellants
sre given in Table 1.) These lines sre substantially convergent

at low pressure {50 to 800 psi), separate at & pressure which is
highly dependent on the structure of the lesd compound, and
essentially unite agein ot higher pressures. The burning vate-
pregsure=temparsture data rrom strand burning tests are ncrmally
plotted on iom~log graphs for case in the determination of prassure
exponents and temperaturs cosfiicients. For ithe parpose of &
nusarical ‘valuut;u“- it zppeared desiroabie to evaluate these
"suparrate areas” by integreting them in linesar coordinstes, not

in logerithmic cneg. In Ref. 1, this nev methed for evaluating

the burning rate diagroms has been described as Iollows:

"The arsss boundsd by the curved rate-pressure plot {for T0°F
testing) and a straight line of slope {pressure exponent) equal
tc 0.7 coinclding with the high and low vressure portions of wsach
plot in logorithmic cocrdinates have been converted to linear
coordinates and integrated with the aid of IBM equiiment. Aress
are in the dimensions of

pounds {force) - inch _ pounds {force)
Vol
o

in gec inch sac

While these units mey have no eparticuler physicsl significar ej
% comparison of these values of ares at constent Loucanuvat
of lead cowpounds may presumably offer & fair indication of the
relative catalytic effece of vorious compounds.  in those few
caees vwhers availebls deta did not show convergeace of the
auperrate dimgram and the bese line, the ares was closed arbi-
travily by extrapolating the diagrem fo mzet thz bsse line. Data

nvarlably oarried at least to tho point whare the

L3
Were #lawot 1
3

lov pressuve eud of the suvperrste diagrem wes dropring ﬁhar‘ly
ngaf% tha base line. The selection of & 0.7 value for the slope
mf “he base line was arbitrery; it wos also conserveiive since

it tendad to minimize ihe ancloﬂad arga 0f supa-rate burning.
%nmﬂ unzodified double-base systems show sloper ¢loser to unity.

In a later consideration ¢ thess figures, it was ohaerve
that hatter results were obiained if propellants having similer
heats of euplosions were compared. How wmech the data ars
changed by a cpangs in the heat of explesion can be seen by
comparing PL 120 and PL 2202 which have similar composition and

W T LT R N R

5
Desglgnetion of experimental propellant lots in the monthly
progress reports by the Propalliancs Division of ROTS.

o
C
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CORFTDENTIAL

TABLE L. Ccmpositicon snd Heet of Explosion of Ix
Shown in Flgure 1.

opellanta

Barl Earl

Compoeition and heat of expicsion Hah &Efgg X-6C Xféﬁ
A. Basic Compositions, Weight, %
Hitrocellulose, 12.6% N veviuesan 54,0 52.0 9.0 53.0
HItroglyceriin ceveeeceasssnenocen 31.6 33.1 35,5 34.2
Diethyl phthﬂlate #2808 % 6T Qs Db lo.l lOig 9.3 908
Q-Hitradiphenyl&minﬂ LEC R I I R R N A QQQ 2.0 2-0 2.0
B. Modifiers, Weight, %

Potags:!@,-lm Sulfate [ BN BN N BN N A B N R I BN :L’S L 2 ) LI 2 A LN B IS
Carbcn bl{!ck L2 B BE B BN BN BE SN BE BN B B 3N BE B Y B G.l L L e 0 s e v 8
lﬁad Btﬁarate 4 & 0 B L J O T O NI eOE e Ol5 LR 2 BN 2 L IR B 3 L I B W)
lesd salicevlate ..viviocencccasse ne e 1.2 3.0 2.0
Mﬁ& g“ethymenianoate L - IR N A I P % 6 » O.’f 102 4 3 5 2
L@aﬁ AﬁﬁrﬁﬂOrcylﬁte AR RN NE XN RN N * e 4@ v sa o 2a e -]

C. Heat of Explosion, @

i

Mﬁﬁﬂufed, Cal/g 2veceresceoeavc e 856 66# l
{

8l i&eo

T L

Lot PAE~138, Refereace LDTS Repo;; Mo T L69.
PL 157, Refersnce KOTS Report Ho. T4 h56.

int PAE-6130, Reference KOT3 Report Ho. T 104
PL 419, Refersnce NOTS Report No. TH 10G6.

Lo T = .

Ql

’
L
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constituents except for the highor ratio of nitroglycerin to
piasticizer iu PL 220,

Heat of Explonion on the

TABLE 2. Influznes of n Change iv
Superratz of Oimilor Double-lisge Propallants

Properties PL 121 PL 220
Heat of explosion, c8)/& +eierseercevenans 770 856
Total ma Of ﬁtngm‘at& & C 2 D F N AN E QG d e 25 1.75
Iﬁad sﬂlicylate, %Oonvtﬂttnllltlalttblﬂt. 2.0 263

Tais sengitivity to heat of explosion was already well known
and had led to the assumption that the platesu or mesa effecy
might exisi only below a certain combustion gas tempsrature at
vhich the gaa composition wes nearly irdependent of the pressure
(Rer. 3). With inecreseing flame temporature and heat of explosion,
the influence c¢f lead compounds would thersefore dscroase. Hore
recend results with iwprovad lead compounds have ghown that it ia
possible to obtain plateaun effects with high energy propellants
vhose fleme teuperatures would indicate &oprecisghle depsrdence
of gmas composition on pregsurae. Covbinations of lesd compounds
end copper compounds exbend thess possibilities still further,.
However, the characteristic decreasze of the "superrate area”
vith incressing hsat of explosicn is still apparent, and thia

effect makes it nzcessary to compare data from Aifferent propellisnts
on the basls of egual, oy g% lzast very similar, heats of explosion.

A large varilety of chenges con be made to alter the properties
of an extruded doubln-base propellent. Besides changes in the
ratio of nitroglycerin to nitrocazlluless, chonges in the paiure
and content of the svabilizer, plesticizer, high syxpiosive addi-
tives, or mstal couapounds, can influence burning properties. In
the studies upon which much of the presgent analysils is based,
the rengs iz composition was kept small except for the ratio of
nitroglyeeria to plagticizer and the naturs ap? content of the
lead compounds to be tested, es Table 3 indicates:

o=tag

COIIDENTTAL 5
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TABLE 3. Bange of Compositinn of Double-Buse Propsllants
Jsed in the Fresept Evaluation

Ingredieats Percent oy weolght
Hivrocalluloon, 12.6% H . icuocearvrconssacns SGL0 - 2
HALTOELYCEFEN vuvvuvnnrerenresacasoncanasron | 5.0 « 6
Disthyl phthalate cr di-n~propyl edipate ... | .0 - 5
2-Hitrodiphenylumine ..., eeceuvecncirvensess Z.0 - 0.5
[2Bd COmMPOUNdB «issisvsvovensucsacoonsnssana 2 to 3
Heat of explosion, €A/ ecveavvncacr-osnean 720 to 1050

The results of these studies were useful in shoving, for a given
enargy level; the relative influences of a large number of lead
compounds on the burning rate. One purpose of this comperison
wves to {ind guilde lires for further lmprovemsnt of such cospounds,
even without esteblishing the resction mechasnisn involved, by
ccuparing the structure of tihe sdditive with the results cb%ained.

For the initial cowparison of the effects of the added lead
coppeunds, the quotient of the "superrate crea” divided by the
welght fraction of the leed compounds contaipsd in the propsllant
hed been used (Ref’. 1). However, since the molecular weights
af such compounda and the percentegze of metal therelo te Led
to vary videly, 1t cppesrcd adviseble to divide ths supgrrate
area by the easily determined, uwelght percent of lead in the
propellants. This quotient is called “medifier effactivity®.
Derived from mn arsa, its valuwe g dependent as much on sustained
rate-boosting effects of & modifier es it is on a more meried
effect which might ocour over a smaller pressureg range. Jince
the buraing-rate-modifying agents ware generally well defined
chemicsl compounds of leed with orgenic groups, a defimite
stolcniometric relaticonship existed betwsen thege partes of the
wolecule.

H
5

The sssunption had to be mede of course that such divizion
of the "suparrate area” by lesd metal contents would give, even
at different levels of lged content, sufficiently comparable
data. For this zeazon, the parcentage of leed compounds was
ad justed in thege investigations 0 give reasonsbly uniform
lead metal contents where large differences existed in the
aolecular velghis of the additives. For amall variasticong of
the solecular waighus, 1t was asswesd that proportiopality
exigted between the changes of the "superrate area" and the lead
content for a gilven propellant composition.
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The weliuht pereosntage of lead compounds used in those com-
ponitions was boged IFTHE}J on previous siudies by the Allsgany
Halliosties Leboratory (ABL) and by the U. S. Haval Oxdnanvo Tont,
Station (KOTS) canﬁ%rmz i thn form of sach “supsrrate areas” Ro?.
1, b, end 5). The actusil 3hupﬂ oI guch asreas vos neglectsd in

the prasanl gearch for o vracticenl evalustion tool.

In the foirowing parye of this report en attempt ig made to
epply the evaluation wothod, baaed on "modiffer affectivity”, to
practical double<brse poopeilants most of which were prapared as
& pert of a broader applied regearch and develepment program.

RESULTS OF THE AFPLICATION OF THE ABOVE METHOD

Inflaences of lesd Salicylate and Related Commounds. 1In this
investigation of constitutional influences, the different burninge
rate~-modifying agents were compared in propellants having about
the same heats of explosion. "Modifier effectivities" were
calculated from the integrals of the "superraste area" by dividing
this srea by the metal content »f the propelisnc. Teble b ahows
such & comparison between lead 2-ethylhexanoate and lead salicylate.
Similer results were obtained in & comparison of lead salicylate
and other lead salts of allphetic acide, such as lead stearate.

N 0
b
. | o/2
Pb,,,o-wc —-{CH} — ChHg ! T
) -0
‘*o-ﬁ — (CH) — C)H, ﬁ' \W “H
l -~
0 CyH, e

2. Iead salicylate
{1ead 2-hydroxvbenzoate )

i
-t
@

1. lIlead Ze-ethylhexssn

TABIE 4. Comparison of lead 2-ethyluexancate and lead
salicylate as Burning Rate Modifiers

1. Po  2egthyl- 2. b
Characteristics hexanoate | salicylate

Hodifier effectivily veocovsvsncas 66 291
SUperrate BrEB ..ovveccaoveiacusen L 250
Pb compound by analysis, % ....... 1.6 2.0
Pb in compound, % ..eeveo-oorneres L1.98 b3.04
Pb in propellent, % c.eveicocoens 0.67 0.86
Jd.at of explosicn of prop liant,

Y I S R T8k T70
PL B0 e eeovonesnnnacsseasiosrznnns | 121 120
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Ferencen exist in the "modilier

I¢ can be geen thel large 411
m:‘fz,‘,,ei'-fii,':” betveen compound 1 oand Z; the :al.ﬁcv}&m qmd inone
second compogition being more than four times as effeciive 7o the

¥
&thylﬁ@xﬁngﬁtr in the Air¢t compound.

Tne question srose as Lo which conouitutional differences
between the tvo lesd corpounds might be rslated to the shova
dissintlarities in'modifier effectivity. Both compourds are se
of carboxylic aclds znd do not fonive citensively; even Jesd
aecatate In dilute aqueous solutions shows a smell drgres of
dissociation (Ref. 6), and complex ions are formed in concentr’ted
golutions (Ref. 7 and 8). The exchange of an aliphatic carbo dc
acid by an arocmatic carboxylic acid dses not chapge such prop. lee
very greatly. In comparable double-base propellants, the Alleg..
Ballistico Leboratory (ABL) found & very similar behavior of lewa
2-ethylhexanoate and lead ortho-toluate up fo 2,000 psi (Raf. 9}.
Tnerefore, ovher reasons hed to be Tound for the differences
between the effectivities of the lead salts of these two scids.
The only other difference between lead ethylhexancute and lead
gsalicylate is the presence of & phenollc hydroxyl group which
makes the aromatic nucleus highly subject 1o electrophilic
sttack. Thus it was necessary to linvestigate such influence

“ith compounds which could show their contribution separately
from other effacts. For this purpese, the data for lesd
m-cregolate and lesd catecholate have been compared with data
for leed aalicylut& & similar heats of explosion as showm in
Table 5. For comparison with lead catecholate, basic lead
salicylate with similay lesd conteat has bean uﬁad.

for
[
[#:3

/ AN :
c Pb/? H-C 0
-0

T | /»’
L

2. Iead salicylate 3. Ieed m-cresolats
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5. lead catecholate 6. Basic leed salicylate

TARLE 5. Influence of Phenolic Hydroxyl Groups
in the Absence of Cerboxyl Groups

2. ™ 3. Fo 5. Fo 6. Bagic
Characteriastica salicy~ | m-creso- | catecho- ! Pb seli-
late late lnte ! cylats
Modifier effectivity ... | 291 20 26 198
Superrete SI98 .....esscess | 290 29 4G 231
Pbh compound by enslysis,
B i iririeietoearana, 2.0 3-1 2.9 2.0
o in compovina, % oiieaeses | B3O 45,60 65.72 54,81
P in progellant, % .veeea. ¢.86 delil 1.60 1.17

Hezat of explosion of
propellant, ¢8l/g .cevevea | TTO 763 863 860
PL BOuvver sorencnncsesncons | 120 oz 6hly ABL23218

It may be concludsd that zelther the syomatic carboxyl group
as prasent in lsad ortho-itsluate aor the phepolic nydroxyl of ihe
aromatic ecid by itgelf produces lead salita with such high “wodifier
effectivity”. It followed that the presence of both of these
groupe in the lead anltz in »roper relative position might be
necesaary. For exmmination of this poseibility, it apreared
Geslyable Lo determine vhether or aot the hydroxyl group of
salicyliz acidé could be rapleced with other groups of similay
glectrical faflusnce without grestly influencing the "weodifisr
eifectivity” of the lead selts. For this purposs, data of the
Allegeny Bellistics Laboratory (ABL) sbout besic lesd selicylats
gad lead thioselicylate {Re?. §) couid be used o supplement lresi
infomention.

¢
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7. leed thiosslicylate 8. Lead phthalete

TABLE 6. Influence of an Exchange of the Ortho
Hydroxyl Croup of Basic leasd Salicylats by
(Other Groups

6. Bagic!| T. Fo 8, Fo 1

Characterigtics Pb snli- ithiosali-! nhthal. hylhox-
cylate | cylate ate pnoate
Hodifler effectivity .... 198 148 101 €6
Suparrate AXB srecrverae 231 170 10k Lk
Yo compound by analysais,

G vereesvaconsasevanses 2.0 2.0 2.0 1.6
o in coumpouil, $ ceesen. 58,81 57.66 51.38 41,98
Po in propellant, % ..... 1.17 1.15 1.03 0.67
Hoat of explosion of

propallent, cal/g ..... 860 880 757 7Eh
PL O ccersncossnsonnonns ABL2318 | ABL20TO | 266 121

For compsrison with leed thiosalicylate 1t wes necessery to use
basic leed salicylate wnich couteins a very simllar amount of leed
{see Tobls 6). Lesd phihalets zlse hss e comparable leoed content,
since the ortho hydroxyl group of leed seiicylete hes basn replaced
by & second carboxyl group. The reletive ‘modifier offectivitiec’
vere Th.7% for leed thiosalicylate end S1% for lesd phthalats when
conmpared with that of basic lesd salicylats. Compared o lead 2-
ethylhexenoats, the offectivity of leed phthalate was 151%. ‘These
raletively hlgh data sye surprising since phthelic ecid itself ip
very steble agsingt elszcetrephilic attack. The difference may he
due v 0 forre of ixproved protection of the lead lon throuzh
suerle influences odm?lar o the prosence of bidgntate gocups in

10 COMFY DENTLAL
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of course, ipdicates "tuwo-teothed” chemtenl compounds
able to form chalates.

For evalustion of the propertias of ‘ead anthraniints, o
propellant couteining the normal selt of lesd palicylate was again
usad na o reference.  Table 7 shown the dsta for the performsnce
ol these propellants.

- / \}:,b /2 / \% P

p _
§ )0 =
'\ / \ ) e R

A \ / ¢

2. Lead salicylute L, leed anthranilata

TABLE 7. Influence of en Exchange of the Ortho
Hydroxyl Group of Hormal Lsed 3alicylate
by an Amino Group

2; [TYD i!"- F’b la Ph 2‘”

Characteriotics salicy~ snthra- | ethylhexe
lnte nilate anoate

Modifier effectivity cvvoscessss| £91 140 6
SUpETTate OXC8 seccoecossccscoss | 290 181 L
Pb compound by analysis, % ..... 2.0 3.0
Po in compound, % secocesansooss L3,0M h3.22
Pb in propellent, % sevescococas 0.86 1.30
Heat of explosion of nropellent,
CBLJE vev cescosvosssecssnnnesl| TTO 713 784
PL HO covecorscrccavecovessaence 120 kg0 121

$r
O T O

The datum cbtained for lesd enthranilete wez 58,19 that of lesd
salievlate but wouid nrobobly have been scaevhol higher 49 lsed
enthranilate hod teen used in the some concanitretion &s lend
galicylate. The value is still 2124 of the datum for leed Z-
ethylheranoote and indicatos the sone tendency of bidentals
grouns Lo incresse the efvectivity of sromatic compounds, The
conclusion vhet the lncreased poriowmonce way be dun %o bidonbate

COIFIDERTIAL 1L
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grodps hesded Yo bs checksd by comperiscn with lsomtric cospounds
{

having substitusats in other than the Lidencates position.

L. Poulicg obosrvas in Bef. 10 that neither 3~ nor behydrony-
benzole acld forms intrwsclecular hydrogen-honded cheletss, vhereds
eelicylic noid forms ewch compoundn ensily. A corparison ¢f the
sorresponding lead salts was, thercefore, made and Table 8 ghowa
e rgoults of this evaluaticn,

2. Ilead salicylate
(Lead 2-hydroxybenzoate )

A A
\!
\c-~q> Q‘c««—o\
/ \ S
/ ‘Po /2 / /2

\\ /::_::\\
\\\\T“’”‘ / \\\\L J /

\ e
ol o

9. Ilead 3-hydroxyvenzoate 10. Leed h-hydroxybenzoate

TABLE 8. Influence of the Position of the Hydroxyl
Grovp in Leed Hydroxybenzoates

bl

2. Pb 9. b 3- [10. o b= | 1. Fb 2~
Characteristics salicy- | hydrozy- |hydroy- | ethylhex-
late benzcate | bensonte anoate

ModifTier effectivity ... 291 148 15k 66
SupBrrely BTOB ceencerss! 290 LYY 126 bl

Fo compound by snalysis,

‘;f.‘ 98 09020 SWOOIODOUY YUYW A EO(} QGE 108 106
Fo in cospound, % ...aeef 53,08 13,04 B30k 51,68

ol

b in propsllant, 9 ..., G.86 0.0h 0.82 | 0.67

Heoat of esploslon of

propelisnt, cal/g ....] T 77h 16k 70k
FL E:P!:}e Vnd-vvoutv(:’ouutooob 120 2’:3 JI’EJ.T .1
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tiocn of better performonce of cospounds containing bidsntate eroups.

L A - W ke o % 4 pe, 3 PR RS
the previcusly zentioned indica-

Anather interssting result s that both the - asd bohyvdroxybenzoaten
pive conplderably higher'modiCier effectivities than lesd Jeethiyl-
hexanonata In aplte of the minor results obinined with lenl salls

ol campounds contalining phepolic hydroxyl grovps but noe carboxyl
greups.  Such compounds were shown in Table % as lesad m-cresolsnte
(Ho. 3) and lead catecholate (Ho. 5).

The superior results of lead salicylate demunded a continutation
of the pregent invegtigations predominantly in the direction of
conpounds containing bidentate groups.

Inflences of Non-Aromatic or Aromatic-Substituted Aliphatic
Bidentate Groups. The assumption that bidentate arrangement of
substituents night be of advantage for production of high'modifier
effectivities’had been made on the basie of relatively few
experiments. It thus appeared necessary to determine whether
bidentate groups in general would show similar relationships, or
if only o small group of such compounds would act similarly.

Accordingly, 1t mppesared necesgary to gepsarste the effects
of arcmatic bidentate groups and bidentmie groups. The Allegany
Ballistics Laboratory (ABL) already had investigated two lead
salts of organic compounds containing aliphatic bidentate groups
(Ref. 11). The results of these investigations showed, in the
first case, that lead lactate produced only minor effects whilch
werz similar to those of lead acetate (Ref. 5). In the second
case, lend mcetylacetonate gave similarly small effects. [For
this reason, an attempt was made to compare lead salicylate with
lead salts of compounds vwhich would be more nearly like salicylic
acid than acetylacetone which is enolized only to about 76%, Such
2 compound, whlch exists almcst exclusively in the enol, form is

dibenzoylmethane {Ref. 12).

The lead salt of dibenzoylmathane furthermore had the advantage
that the aromatic nuclei of this compound ware very chteble toward
any substituting influences. For instance, the rings would be
much less reactive then those of the lead salts of 3- and l-hydrowy-
benzoic acids. The results of this investigation are shown in

Table 9.

CORPIDRITIAL 13
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11. Lesed acetylacetonate 12. Lzed dibenzoylmethane

TABLE G, Influence of Bidentate Groups in ths Absence of
Reactive Argmstic Hucledi

. . . 1l2. Fb diven-| 13.
Modifier offectivity vecesonsosency 1 156
Superrat® BY08 ccssesevssvonssvosns 1 19%

Fb in compounti, P svevevessosscsvos 3
Pb in propellant, % c.eeosececovevs
[inat of explosicn of pzopzllantg,

Cal/g tasedcoccoscan0EIeeNaAD LD SO 830 868
PL EgQ 293020000 COGBRQAIOENERNELT2DTODIAPDY \)bﬁ

G
2
Po compound by analysis, P cecveces 3.
1
1

Thoos dats ghovw that the presence of bhidentate groups in the
lead compound dogs not, by itself, produce any lncreesge in the
burning rate of the propelisnt. Thoxeforve, the conclusion éppoared
reasonable that only the some functional bidsntate groups countaining
a phenniic hydroxyl group o itg equivalent couvld produce burning
rote andifying offzots similar fo those of lead salleovlates.

Hydroxyl Groups in Bldentate Positlops. 1t appoarsd necesaniy o

L Pt el et 3 AT - DU P ALY AN £ 2 ATTRITS

Influences of Avcmatic Carxbonyl Comounds Containing Phenolic
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14, Iezd alizarinate 15. Issd quinizerinats

T8 10. Influsnce of Aromatic ‘larbonyl Compounda With
Bidensate-Forming Hydroxyl Gr

. 1%, Po 15. b | 13. Ps | 26, Fb
Cheractoristics alizari- quinizg- salicy- | 8-resor-
nate® rinatze" late cylate®

Modifler effectivity ... 395 75
Superrate &re8 ..o, 237 '
Pb compound by analysis, i

i-}
L
SO 4
o e
\Jt
G
Ll
’t

P 2.0
Pb in compound, % ...... 30.4
Pb in propellent, % .... 0.R0
Heat of explosicn of

-
-3 o
N

=
it 3
NS
Vi oE
SO

W
NN

propellant, cal/g .... 858 85z 8668 839
PL MO . iinoenicnnnans 580 i bup 227 392
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ApLE aﬂwzr? uwlx by ﬁﬁ, 2, lewd z~%w”,rcylaié, whigh #lees
containas an additional hyvdroxyl gzoup like losd alizarionte.
Thig resuli shous that 1f chacation la {mportant, a coordination
involving an sromatic hydroxyl Aﬂé B Caruvexyl group.

The results obtained with lesd quinizarinate are much lower
than those obtained with lead alizarinats and reculre farther
apecial consideration because lend quinizevinate shova only
hall of the "modaflier erfectivity” of lead smlicylate. This
decrease is larger than that which might be expacted as a resulc
of the absence of any hydroxyl group cutside the bidentate
grouns. The twvo puesible chalate groups in the moleculs of lead
quinizarinale may bo largely sifected by intremoleculsr resopancs.
Such effects can somelimes become sn gtrong that tne normal re-
sctions of the metal atoms are eliminoated and the intermolscular
relationshipa of such molecules arc decressod (Ref. 13).

Closely relelzd isomerlc cosmounds show striking differencss
in beiliﬁg and melting polets bzeanse of Intromoleculsr celatione
shipu and re..nonce offects. The double chelates of 2,b4. gnd
L6 yO-diacatylregoreinol were discugsed in Hef'. 10 from the view-
pniut of fixaticn of Kahuls' structures favoring double hydrogsn
gmﬁstrﬂm 2.4 compound but only singlz hydrogan bonds for

the h & isomer. Tnis theory of intramoleculer boading was neceszary
to uﬂﬁé?acmnd why the Tirat of thege iwo compnunids has g lover
melting point, higher volatiility, and vatier solublility In non-
polaric solvents than the 4,0 iscmer mg 1s showr in Table 11,

2. haDlacetyivesorcinol 4, 6-Dimcesyiresoreinol




TARIE 11, FPhysical Proporties of Dihviroxy Dikstonee
ity Dffervent Degracs of Chelation

{2, h-Dlacetyl. |4, 6-Didcetyi-
Froperties | rescroinol resoreinnl
Melting point, "C ... ..., E9 162
Volatility in stems ... .00, hasily volatile | Almcal non-
volatile
Solubility in benzeans at 15°C,
O 10 1

The abcove resuliy, Jhen; ailow btentstive conclugions te be
madg aboul an enalogous bebiavior of alizesin aud quinizarin
corpounds. Quini=arin would form an inlrassliecularly saturated
hydrogen-bonded double chelate in a clogely related manner to
2,b-discetylresorcinol wherces alizarin would form 2 single
cholats with considaradble poasibility for Iintermoleculiar &ssocia-
tion hecaune of The remote poslition of the sscond hydroxyi group
relative to the ascond ketons group,. Table 12 snows the relaetione
shig of the physical propertles of thess comnounds which ave
highly snalogous to those of the diacetylresorcinols.

_H H
Q,/" ™~ 0,/? “\D
I L
- N i L D
S N N P Ny
| ;
S |
:x\t . ‘”‘ L\\j//{- ‘:Eﬁbxflk“\ﬁ/"l\\\;///
9\& P 0
H
Quinizarin Allzarin

TABIE 12. Physical Properties of Dihyvdroxy Diketones of
Differont Chelation Pessgibilities

Prepertias Quinizarin Aidzarin
Malting peint, °C ..... 150y ey
Boiling point, °C ..... Sublimzs bslow 195° 3G
Solubllity in alcohol . Soluble fery ooluble
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The chenged orler of the salubility data in bengens {Tuble 11} end
inoalechol (Tabla 17) ia doe t0 the chonee Jros e hvideoaerbon 1o
B oavdroxyl type aolvent: the Intloe cage colhares mown ciogsely TO
the hehavior {n o dovble-base propellsnt matrix,

Influances of Substitution in ths 3 snd 5 Poo o G
Salicylate. A tentative conclusion might be dravn ot this polnt
regarding the ~onptituticnal raquireaments for the orgenic
of thoss laed cospounds whizh will have high o lectivity in
doubla-basge propellsnts. This iz, that any compound contsining
a bidentate groun which Includes sn orematic hydroxyl, mmresplan,
or gmino proup end 8 carboxyl, earbonyl or squivalsnt group can
te usad to produce land coupounds of incresred "modifiter effectd.
vity". This {nfluence mey be decyoased if the lead-free compound
shows pxcessive intremolaculsr stabilization influsnces., o
orgenic part of the medifier ssens, for thie regson, to centribute
considerably to the burning raie increaalng etffects. Whethar or
not this influsuze 48 duve to chesical yesctions invelving an
attack on the arcmatir ring should be resdily ascsriainebls by
determining the "meodifior effesctivity” of compounde having
appropriate groups in one or both of the resctive positions of
the aromebic nucleus which ars ortho and pars Yo the hydrosyl,
marcapto, or anino grouns.

For this purpose, data cculd be used whlch hied been obtalinad
in sarlier .rmwetigations of lsoad o-crepotinate end lead S-tertiary-
butylaalicyiate, In lead cecrogoiinéte, s wibthyl group is present
in the position ortho to the hydroxyl group. In lead Sotertlary-
butyiselicyliats, the position orthe To inhe hydroxyl group ia frew,
bud the para group ic blocked by a tertiar; bucyl group.

Tablz 13 shiows the constitution of the differsnt compounds
end the results obtained.

ot 0_‘ 0\ 0,
© wje e’ w2
0 Ph
]

IO RPN~

16. Iand selt of 2-hydroxy- 17, Ised S-tertiarye
J-~mepthylbenzole acld butylsalicylaie
(Ized o-cresoting®s )
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With the introducticn of the mathyl sroup in the 3§ position, aas
1n lead v-cresotiaaia (Bu. 1), the “mcdifier effectivity” drops
to sbout one-third of that of lsad salicylate but is still 50%
better wan the datu: for lead 2-sthylhaxanocats. The data for
load S5-tertiary-b .tyloalicylete shor that sucstitutioca in the

5 pousiticn dreg not changs the effeci.veness of lead salicylate
vary marksadly. 7T.e spparent, mderate superiority of the lead
L-tertiary-butylsalicylate may t> due werely tc ths lover heat
of explosicn cf thia lot relstive to the Ko. 13 lead salicylate
control lot. It may also bte dux in part to ths cbaerved solubllity
of lsad 5-tertiary-butylsalicylews in propellant.

:nflusnce of Sub=titutirn cf lead Salicylate by Riticpiwiislazo
N-oups in the 9 Positica. A phenolic hydroxyl group i1 e jec
to tautcueric inufiuencye wnich xay enablz this zroup tc ecist (a
the form of a cerccnyl ginup. This inflience vas stud.ed Ly
introauction of an azo group la the pare position to toe hydroxyl
ercup. This incrodust.un produces a katoencl-like equilibriux
between a quincre-rydrazone foru and cthe phenol-aeio form. A pars
nitrophenylazo group was used Lo stuly the influsnce of a camplete
Guinonehydirazone form iuvolvios two arovuatic puclei. The limita-
tion of thia form to cne ruclais was ouaicd with the bhel) of the
menitrorhenylazs coupound, the lesd sall of wnich Las » yollowe
orangs cclor whercas the para-ccapound gives & leew 2alt of red
color. Oml) the tautcmeric quinone hydreicie forwe are showun.

NO,, i
/_/ —n— l:/:_\'——"’\
\ / *-::.’/ ‘m/2
\C - 0/
4
v)

22, lead salt of 5-(3-nitiophenyisso)-
salicylic scid. Alilsarin Yellow Q.
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TALILE
Poagibilities on "Modifier BEffectivity”

Influanco of uinene Hydrazone Formation
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The resuits n Teble 14 show that incressing possibilities of
quinotz-hydrazons formation gradunlly decreasse modifier effectivity’
in eontrogt to a subgtitution of the 3 position by an elkyl grouw.
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TABIF 17. Influence of Dihydroxybenzelce Acids

Y- 125, Ph g-

| 33. F» | 24, P {25. Pb
Charseteristicsn gallicy- | gentie ﬁreﬁc?¢y~ rCooreye
late Gate % late late
Modifier effectivity ..., 156 292 Coo3h 382
SuperTrate 8re8 ce.-eencnn 165 342 298 340
Po compound by anaiysls {

i sa e es 2.9 2.29 2.12 2.2
Pb in compound, ¢ ....... 43 .0b 40,36 h0.36 ho, 36
Pb in propellant, % ..... 1.25 1.17 | 0.86 0.89
Heat of explesion of

propellant, cal/g ..... 363 o853 aly 839
PLHEO vevveeecsavoaainsen 227 1 ko3 Ref.15 392

A1l lead dihydroxybanzostes have considerasbly higher "modifier
effectivities” then lead saiicylate. The differences smong the
dihydroxy compounds themselves are much smaller. ILead gentisate
hes 187%, lead vy-resorecylate 2229, 2nd lead A-resorcylete 245%
of the modifier effectivity’ of lead salicylete. The fect that the
hydroxyl grouns in lesd gentisate are para to one another is in line
with this somevhat emaller increase in'modifier effectivity’ Two
hydroxvl groups in mets position to otich other support thelr Indi-
vidual influences to a higher degree as ie demonstrated by the
larger modifier effectivities of lead Y- and e-recorcylate.
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The above res: Lta seeaed to -equire & further extension of the

investigations to include trihydroxybenzostes.

For this purpose,

lead gallate wvas fuvestigsted at NOTS and lead pnloroglucinol
carboxylate st the Oirdnance Missile laborstories of the Army at

Redstone Arsenal (Ref. 16).

~
H

0 0
\c/
|
®
H
0/ /\0/
\ v

Po/2e=0—H

27. lead 3,4,5-
trihydroxybenioate
(Losd gallate)

0 _O
/\/\nla

28- h“ 2‘ h » 6'
trihydroxybenzoats

(Leed phloroglucinol

The results sre shown in Teble 18.

carboxylats)
TABLE 18. Influence of Trihydroxybenzoic Acids
2. ¥ e [13. P |26, Mg 5. ™
Characteristics . 28. sslicy- | resorcy- |catacho-
llate
e late late late
Modifier effectivity 251 o 156 382 6
Superrate sres ..... 294 — 195 340 49
Fo cospound by
ranlveie, $ ...... 3ol {eose 2.9 2.2 2.6
Pb 12 compound, $ .. 37.99 , ... L3.04 40.36 R, T2
Pb in propellant, % 1:27 | oo 1.2% 0.5 1.90
Heat or explosion of
propellant, cal/g .18} N 868 8;9 863
PL MO socessanssnnns 610 Ref. 227 3 Glols
16

® Ko burning-rate-modifying effects were cbserved for No. 28,

Pb phloroglucinol carboxylate.

lead gallste has a considerably higher "modiZter effectivity”
than lead salicylate {160.4k%) but oaly two-thirds of

o Y
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the effect of lead g-resorcylate (65,795}, The formation of the
most effective, snlicylate-type of bLidentate group in, of course,
not posainle in lead gallate, The formation ¢f 8 leas saffective
lesd entecholate Lype coordination ig, hovever, possible and hns
been proven for the iron complexes uses in prrmanent inks (Ref.

17). Similer chservations have been mode with metal compounds

of S5-sulfo-f-hydroxyquinolinates (Ref. :8). iead gallate contains
& third hydroxyl group which is not involved iu this aslt formation.
This may explain the higher reactivity of this compound comparad

to lead catecholate.

The fact that no burniug rate modifying effects ot all vere
cogerved with lead phloroglucinol carboxylate may be due to the
very low thermal stability of this scid which may have caused its
decommosition before it entered the resction zone. Table 19
a8 the melting points and temperatures of decomposition for goms
poiyhydroxybenzoic acids.

TABIE 1G. HMelting and Decomposition Points of Investigated
Polyhydroxyvenzoic Acids

Melting point, Dzcomposition

Acid °c point, °C
HK=reBorcylic .o enenn 252-3 above 237
GalliC vievevnnnrnoercsssvas e22 222
LBeregoreylic (oo 213 gbove melting
Gentisic .vvevinniinninenens 200 215
¥ ~Te80TCY1IC veererniananns 148-167 148167
I’hloroglucinel carboxylic .. no melting below 100

decomposgition

amr.s

Influences of Substitution of Hydroxyl Groups in Iead g -resorcy-
late., 'The amount of influence of the hydroxyl groups in lead £&-
regorcylate has been tested by observing the changes obtained
through acetylation and ethylation of such groups. The regulits
are shown in Table 20. These data indicate that the highest
"modifier effectivities” are obtainzd if both hydroxyl groups are
free.

Table 21 gives o conparison of the relative “modifier effectie
vities” (r) of these compounds compared to lead salicylete ap
unity. -

CONFIDENTIAL 27
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lead compounda {+) ; Pl Ko,
g, lead salicylate ... i iieiiiaina. 1,80 &
b, lead 2,h-dihydroxybenzoate ...... .. 2.45 392
e,  lead 2-hycroxy-k-scotoxybenzoste .. LGH S50
d. lesd 2-hydroxy-bk-cthoxybenzoate .., g £10
e. Ipad 2,h-discetorvbenzoate .....c.. B7 643
f. Iead scetylsalicylate ......vv.v... .79 ! 1Th

Since the lL-hydroxyl group is not part of a bidentate group,
acetylation or alkylation of this group vwas not expected to
appreciably change the wodifier effactivaty. However, the corres-
ponding "modifier effectivitics”™ of (¢} and (d) sre even bel w the
value for leamd salicylate {»). The mcdifier effectivity of lead
2,b-diacetexybenzoate {e) is, surprisingly, slightly better than
the velue of lead 2-hydroxy-bi-ncetoxybenzouaie (e). It conpares
fairly well with the "medifier effectivity” of lead acetylsalicylate
(f), when the proper allowances are made for differences in heat
cf =zxpleosion.

It hed been expected that guch derivativeg of leed galicylate
nei having the poasibilities of guinone formation or increaged in-
tramolecular resonance would give "modifier effectivities" higher
than that of lead salicylate. Becasuge of the contradicting rasulte,
the possibility of the acelylation or alkylation having occurred
at the bidentate hydroxyl group was considered. This, however, doss
not appear probable from the work published on this subject. The
possibility that steric influences from the swbstituent In the 4
rositicn may hinder the reactivity of the 3 and S positiona of this
compound has been discussed Lo explain such behavior but caanct be
supported by any other related experiences. Additionsal investiga-
tions would be necessary to clarify this situation, inasmuch as
the actual reaction mechanism may be based on more involved relation-
ships than reactivitiles end presence of bidentate groups in these
compounds. '

The effects of exchanging the S-alkyl group in lead S-tertiary-
butylsalicylate by S5-nitrophenylazo groups vere ghown in Table 13.
These exchenges reduced the 'modifier effectiivity”of the compound
considerably. The same vies the casg with the Jde-resorcylate

CONFIUERTTAL )
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5.(3-nitrophenylazo) 4-resorcylic ancid

‘trophenylazo Groups in the

32. Pe 5-(m- 18. Pb salt of 5- 26. Pb
Characteristics |nitrohpenylazo) (3-ni%r¢phenylazo)~ A=resci-
Leresorcylate valicyide acid cylate
Modifier
effectivity gl 69 382
Superrate area Th 69 340
Fb compound by
analysis, % 3.0 h.0 2.2
Pb in compound,
26.37 26.57 40.36
Pb in propellant,
D cocesaseans 0.80 1.00 0.89

Heat of explosion
of propellent,
cal/g «.onsns

PL No ....

s 0y

868
722

85k
614

1439
392

The data in Tahle 22 show a T75% reduction »f the "modifier
effectivity” from Introduction of the menltropaenylazo grows in the
5 position of lead d-resorcylate vherces in the case of the

30
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salicylate acrivative, ccmpound 18, the "modifier effectivity”
dropped by 56%. The effect of the e:cond hydroxyl group is,
therefore, .uvusdl’erebly reduced in compound 32 probably because

of the intramolecular neutralization of Lhe effects of the hydroxyl
group as shown by the structure.

CONCLIISIONS

Tre quotient of the “"superrate area” divided by the leead
content of burning-rate-modifying agenta has been called "modifier
effectivity™. Use of these effectivities allows, st compsrable
lnvala - hest of explnsion. an evaluation of the constitutional
influence of tha organic part of such agsnts. In many cases,
certain chemical relationships btetween chemical structure and
"modifier effectivity” were established. The presenn= of & bi-
dentata group including one cerboxyvl, carbonyl, ur equivalert
group end one phenolic h;drorxy.i or equivaient group produces
large "modifier effcctivities™. 1t{l]l larger effects aie cbtained
from simiier srumatic compounds with t4C hydssxyl aicupe evea
without vicinal positioning of any of the substituents. The
aromatic pert of the molecule should have the possibility of
reacting easily under nucleophilic substituting influences, as
proposed in Ref. 4, and positions for such reactions snould not
be sutstituted by organic groups. The substituonts of such
molecules should not saturate each cther completely by intrs-
molecular influsnces but should allov for a high degres of inter-
action with the surrounding propellant matrix in the early zones
of the progressing combusation wave.

The importance of biaentaie gruups including r. carboxy!,
cerbonyl, or equivalent group and a phenolic hydroxyl or equivalent
group for the formation of highly active lead compounds, considered
with the small influence of variations in dissociation constants,
seems %0 suggeet that the lead atoms in some of these compounds
may not be present in ionic form but in the form of chelate
complexes. The observations mede in Ref. 4 about relationships
*clween certain radiation atsorbing additives and chunges in
Bupcsiate burning effects may also bte valid for tha "modifier
effectivities” of the compounds discussed in this report. It
appears possible that compounds containing bidentate groups
may react wvith other lead compounds in the propellant mstrix to
form the actual burning rate modifying agents. This may also be
indicated by the results of the investigations of the recently
published Ref 19. An extension of the investigstions of Ref. 18
directed to ascertaining the sctual form of the lsad compound within
the prope.lant matrix would seem valuable for the further develop-
ment of these agents. The spplication of general principles of

CONPIDENTIAL 31
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their .ntearaction might be helpful for the developmsnt of -ulhfl.y
acting additives for other solid propellant o1 liquid monopropeliant
systems.
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